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Both electron and hole Dirac cone states in Ba(FeAs)2 confirmed by magnetoresistance
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Quantum transport of Dirac cone states in the iron pnictide Ba(FeAs)2 with a d-multiband system
is studied by using single crystal samples. Transverse magnetoresistance develops linearly against
the magnetic field at low temperatures. The transport phenomena are interpreted in terms of the
0th Landau level by applying the theory predicted by Abrikosov. The results of the semiclassical
analyses of a two carrier system in a low magnetic field limit show that both electron and hole reside
as the high mobility states. Our results show pairs of electron- and hole Dirac cone states must
be taken into account for accurate interpretation in iron pnictides, which is contrast to previous
studies.
PACS numbers: 74.70.Xa 72.15.Gd 72.15.-v 75.47.-m
An intriguing issue in condensed matter physics nowa-
days is the massless Dirac fermion states in materials,
such as graphene, topological insulators, and organic con-
ductors. The linear relationship between momentum and
energy leads to a very high transport mobility due to
the zero effective mass and the long relaxation time of
the conduction electrons regardless of impurities and/or
various many body effects [1]. In a magnetic field (B),
Landau level (LL) splittings of the Dirac cone states are
proportional to the square root of the external B strength
(En = ±vF
√
2h¯eB|n|, where vF is the Fermi velocity and
n is the LL index). Energy scaling makes the LL states
thermally stable even in a moderate B (e.g., B ≤ 10 T)
[2]. Consequently, the low energy properties of discrete
LL states become accessible to conventional experimen-
tal probes, especially magneto-transport measurements.
Recently, intensive research has revealed a variety of in-
teresting quantum magneto-transport phenomena in ma-
terials with Dirac cone states, such as Quantum Hall ef-
fects (QHE) found in graphene [3] and topological in-
sulators [4] and unusual magnetoresistance (MR) in the
multi-layered α-(BEDT-TTF)2I3 organic conductor [5].
Recently, new Dirac cone states have been theoreti-
cally predicted [6, 7] and experimentally confirmed in
Ba(FeAs)2, which is a parent compound of iron pnic-
tide superconductors [8, 9],by using angle-resolved pho-
toemission spectroscopy (ARPES) [10]. The present con-
sensus is that iron pnictides are semi-metals and that in-
terband antiferromagnetic (AFM) interactions must be
considered in order to understand their intriguing elec-
tronic properties, such as relatively high temperature su-
perconductivity and itinerant/localized magnetic proper-
ties. Ba(FeAs)2 exhibits spin-density-wave (SDW) insta-
bility at 138 K, and Fermi surface (FS) nesting eliminates
nearly 90 % of the conduction electrons and holes. Fur-
thermore, this material shows the first Dirac cone states,
constructed via band folding due to d-band AF interac-
tions, in a multiband system. Theoretical considerations
explain that the formation of Dirac cone states is a con-
sequence of the nodes of the SDW gap by complex zone
foldings in bands with different parities [7]. The Dirac
cone states in Ba(FeAs)2 are bulky states induced by 3-
dimensional band folding and are different from those
of 2-dimensional graphene and the space-inversion sym-
metry broken surface of topological insulators. There-
fore, dominant contributions and distinguished quan-
tum magneto-transport phenomena from the Dirac cone
states can be expected in the transport properties of
Ba(FeAs)2. Thus, it is important to study the Dirac
cone states appearing in d-multi band iron pnictides. Due
to moderate electron correlations in a three-dimensional
system with a unique multi-band nature in a d-electron
systems, very different B- and T - dependences in a dis-
crete LL will be observed from the Dirac cone states of
Ba(FeAs)2.
In this letter, we have reported the first investigation
on MR of the Dirac cone states in Ba(FeAs)2. We have
investigated the B and T dependence of the in-plane MR
and Hall coefficient (RH) of single crystalline samples.
The observed dependence of MR on B is linear in a B
of moderate strength (|B| ≥ 2 T), but changed from
a linear to a squared relation (MR ≈ aB2) in low Bs
(|B| ≤ 0.5 T). We have interpreted the linear MR in
B of moderate strength as the inherent quantum limit
of the 0th LL of the Dirac cone states in accordance
with Abrikosov’s model of a quantum MR [11]. Since
the semiclassical transport phenomena is observed when
|B| ≤ 0.5 T, important physical parameters can be es-
timated from the low B data using semiclassical two-
carrier-type analyses. The mobilities of both electrons
and holes are 8.7 times greater at the SDW transition.
Contributions from pairs of electron- and hole-like Dirac
cone states to the transport properties of iron pnictide
materials are reported.
Single crystals of Ba(FeAs)2 were grown by employing
an FeAs self-flux method described in detail elsewhere
[12]. The crystal quality was confirmed by using syn-
chrotron X-ray diffraction at the beamline BL02B2 in
2FIG. 1. (Color online) (a) The B-dependence of MR in the
temperatures (T ) range of 2 - 150 K. The inset of Fig. 2(a)
illustrates the idea of Abrikosov model, in which all of the
carriers are confined in the 0th LL. The colored numbers
denote the indexes of the LLs and the shadings depict the
thermal broadening of the LLs. (b) The magnetic field (B)
derivatives of MR at 2 K and 120 K. The thin black line de-
notes the semiclassical approximation of MR≈ B at 2 K. The
crossover of the B∗ between the semiclassical regime and the
quantum linear regime is marked with the black arrows. The
inset of Fig. 2(b) shows the temperature dependence of B∗
(black circles) up to 50 K. The black solid line was fitted using
B∗(T ) =
(
1/2eh¯v2F
)
(EF + kBT )
2.
SPring-8. Studies on the T - and B-dependences of the
in-plane transverse MRs and RHs were carried out using
a Quantum Design physical property measurement sys-
tem (PPMS) in a B range of -9 to 9 T in the range of 2 -
300 K. The electric current was in the ab plane and the
applied B was parallel to the c-axis.
Figure 1(a) shows a typical B dependence of the in-
plane MR for Ba(FeAs)2 in the temperature range of 2 -
150 K, where MR(B) = [ρ(B)− ρ(0)] /ρ(0). Above the
SDW transiton at T ∗ = 138K, MR ≤ 0.02% in the
entire B range without any clear dependence on B. Be-
low T ∗, the value of MR increased with a decrease in the
temperature with an unusual linear symmetrical V-shape
curve in the high B regime, whereas a small parabolic-
like bend remains in the low B limit. This is in sharp
contrast to the behavior of other semi-metals, in which
MR generally develops with a dependence on B2 over
the entire range of B. The linear dependence on B is ev-
ident when the first-order derivative dMR(B)/dB curve
is examined, as shown in Fig. 1b. dMR(B)/dB saturated
in a large B. In a low B (e.g., |B| < 0.5 T at 2 K),
dMR(B)/dB crossovers to a semiclassical B-dependence
where dMR/dB is proportional to B. The critical B∗,
defined as the intersection between the straight line and
the horizontal line, where the B-linear MR is observed
in high B-regime, is considered to be the crossing point
between the semiclassical and the quantum linear trans-
port regimes. At low T , the linear V-shape dependence
of MR became more pronounced, whereas the crossover
behavior gradually smeared out as T approached T ∗, as
illustrated in Fig. 1(b). The observed linear B-dependent
MR clearly represents a magneto-transport property of
the Dirac cone states, which will be discussed later.
When |B| < B∗, both RH and MR obeyed a two-
carrier-type semiclassical model, i.e., MR(B) is propor-
tional to B2 and RH is nearly constant. One can therefore
utilize the datasets in this B range to estimate transport
parameters, such as the numbers and the mobilities of
the carriers. The zero-field resistivity (ρ(0)), MR, and
RH in the low B limit can be written as
ρ(0) =
1
e (nTµ¯+ pTν¯)
, (1)
MR =
ρ(B)− ρ(0)
ρ(0)
=
nTpTµ¯ν¯ (µ¯+ ν¯)
2
(nTµ¯+ pTν¯)
2
B2, (2)
RH =
−nTµ¯2 + pTν¯2
e (nTµ¯+ pTν¯)
2
. (3)
Here nT ≡ (nP + nD) and pT ≡ (pP + pD) are
the total numbers of electrons and holes, and µ¯ ≡
(nPµP + nDµD) /nT and ν¯ ≡ (pPνP + pDνD) /pT are the
averaged mobilities of electrons and holes, respectively.
The subscript “D” and “P” denote the Dirac cone states
and the parabolic bands, respectively. In order to esti-
mate nT, pT, µ¯, and ν¯ from Eqs. (1)-(3), an additional
condition is necessary. Above T ∗, Ba(FeAs)2 is a semi-
metal without Dirac cone states, i.e., κ ≡ nP/pP ∼= 1
and nD = pD ≡ 0 as determined by using ARPES
[13]. Therefore, we analyzed the data using the condi-
tion κ = nP/pP = 1 [14]. In the SDW state below T
∗,
where the Dirac cone states coexist with several electron
and hole pockets of parabolic bands [15], we analyzed the
data using various values of the mobility ratio α ≡ µ¯/ν¯.
The estimated transport parameters with α = 1 × 104,
5, and 1 are shown in Figs. 2(a)-(c).
MRs linearly dependent on B have been reported for
several materials, such as Bi and InSb [16]. Abrikosov
interpreted this phenomenon by considering a quantum
limit where all of the carriers in the Dirac cone states oc-
cupy only the 0th LL, as depicted in the inset of Fig. 1(a)
[11]. This situation can be realized when the following
two specific conditions are taken into account. First, the
LL splitting of ∆1 = |E±1 − E0| = ±vF
√
2h¯eB between
the 1st and the 0th LLs must be larger than the Fermi
energy EF of the system. This means that all carriers
can occupy only the 0th LL and that B is higher than
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FIG. 2. (Color online) Total numbers and averaged mobili-
ties of electrons and holes obtained from semiclassical analyses
with (a) α = 1 × 104, (b) α = 5, and (c) α = 1, which were
determined assuming one-carrier approximation, two carrier
system dominated by fast electrons, and semi-metals, respec-
tively.
the critical value B∗(0) at 0 K. Second, the thermal fluc-
tuation at a finite temperature (kBT ) does not exceed
∆1. In such a quantum limit, MR can no longer be de-
scribed within the framework of the conventional Born
scattering approximation, and is instead expressed by
MR ∝ (Ni/en2D
)
B, where the Dirac carriers nD and the
impurities Ni determine the MR. The resulting MR is
therefore linear in relation to B.
In a parabolic band, the LL splitting is proportional
to the first order of B, i.e. ∆n = h¯eB/m
∗, where m∗ is
the effective mass defined by the curvature of the band.
Thus, a huge B strength is needed in order to satisfy
the condition ∆n > kBT . In contrast, the LL splitting
∆1 in a Dirac cone state scales with the square root
of B, leading to a much larger LL splitting than that
in a parabolic band under the same B strength. Con-
sequently, the quantum limit of Dirac cone states can
be realized in a moderate B [11]. The B-linear MR
when B < 9 T, therefore, originates from the Dirac cone
states. The observed B∗(T ) corresponds to the limit
of B∗ =
(
1/2eh¯v2F
)
(kBT + EF)
2, at which ∆1 = EF +
kBT . Hence, the observed MR changes from the quan-
tum limit to the semiclassical one when |B| < B∗. The
inset of Fig. 1(b) shows values of B∗ at different temper-
atures up to 100 K together with a curve fitted by using
B∗(T ) =
(
1/2eh¯v2F
)
(kBT + EF)
2
. A good agreement of
B∗(T ) with the above equation confirms the role of Dirac
cone states in the observed B-linear MR. The crossover
point between the semiclassical and the quantum trans-
port regimes gradually smeard out when T is in the vicin-
ity of T ∗ as illustrated in Fig. 1(b), since the Dirac cone
states are the nodes of the SDW gap and are associated
with the T -evolution of the SDW order parameter [10].
As a result of the analyses, we obtained vF ≈ 1.88 ×
105 ms−1 and B∗(0) ≈ 0.15 T. The value of B∗(0)
corresponds to ∆1 ≈ 2.48 meV, which is almost con-
sistent with EF = 1 ± 5 meV reported by [10]. This
value of ∆1 indicates that only the 0
th LL exists be-
low EF when B ≥ B∗. LDA calculations have shown
that the electronic structure of Ba(FeAs)2 is composed
of two large parabolic-like and two small Dirac-like FSs
with different sizes [17]. We attributed the linear MR
observed in our experiments to the smallest Dirac cone
state. Shubnikov-de Haas (ShdH) oscillations can arise
from either parabolic FSs or other Dirac cone states with
larger EF. When |B| ≤ 9 T, the LL splitting of the
parabolic band is too small to observe ShdH oscillations.
On the other hand, ShdH oscillations of the larger Dirac
cone state is possible owing to the different energy scale
∆1 = vF
√
2h¯eB. This can be the next intriguing topic
for studying quantum behaviors of the Dirac cone states
in Ba(FeAs)2.
Although the linear B-dependence of MR is clear evi-
dence for Dirac cone states, a question still remains as to
whether there is only a single electron-like Dirac cone
state or theree are pairs of electron-like and hole-like
Dirac cone states in the SDW state of Ba(FeAs)2 [17, 18].
From ARPES data [15], the Luttinger volumes of elec-
tron and hole pockets projected into the (kx, ky) Bril-
louin zone are comparable, i.e, κ = nT /pT ∼= 1 in the
SDW state. As shown in Figs. 2(a)-(c), the value of κ re-
flecting the ARPES data was only reproduced by using
the semiclassical analysis with α = 1 [19]. As shown in
Fig. 2(c), both nT and pT were around 7.0 × 1020 cm−3
with µ¯ and ν¯ around 25 cm2V−1s−1 above T ∗, being in
consistent with the medium electronic correlations ob-
served in iron pnictides [20]. Below T ∗, both nT and
pT decreased by 90 % due to the SDW nesting. At the
same time, both µ¯ and ν¯ jumped by 8.7 times, indicating
the existence of high mobility Dirac carriers in the SDW
state. More significantly, the simultaneous increase in µ¯
and ν¯ directly demonstrates the coexistence of electron-
and hole-like Dirac cone states, although the contribu-
tion of the electron and hole pockets in parabolic bands,
remaining still after the SDW transition, cannot be ig-
nored. Our conclusions here are in strong contrast with
the previous arguments suggesting that the high mobility
of the electrons play a dominant role in transport prop-
4erties [21–24].
Our present results have unveiled the interesting rela-
tionship between the transport properties and the elec-
tronic states of Ba(FeAs)2. Below T
∗, electron- and hole-
like parabolic bands coexist with electron-like and hole-
like Dirac cone states formed at different k-points. The
two Dirac cone states control the magneto-transport phe-
nomena over the entire B range. The pairs of electron-
and hole-like Dirac cone states observed in the present ex-
periments agree with LDA band calculations and dHvA
experiments [17, 18]. A hole-like Dirac cone state has
been observed in the kz = 0 plane by ARPES, and no
other Dirac cone states cannot be observed in the same
kz plane. In order to fully interpret our experimental
observations and the previous reports, another electron-
like Dirac cone state must exist at a kz 6= 0 position.
Experimental approaches to find such a state are war-
ranted. The intrinsic transport properties of Ba(FeAs)2
have contributions from the carriers residing both in
parabolic bands and in Dirac cone states. The former
inherently have low mobilities due to electronic correla-
tions, whereas the latter have high mobilities in spite of
the many-body, even by impurity scattering. This ex-
plains the sharp increase in the conductivity observed at
the SDW transition, although almost all of the carriers
disappear at the transition temperature [6].
In summary, we observed a B-linear MR, exhibiting
quantum transport in the 0th LL of Dirac cone states
of Ba(FeAs)2. To the best of our knowledge, this is the
first evidence of quantum transport involving the Dirac
cone states in iron pnictides. Four important transport
parameters, i.e., the total numbers and the mobilities
of electrons and holes, were successfully evaluated us-
ing ρ(0),MR, and RH. The present results showed that
electron- and hole-like Dirac cone states existed in pairs
in iron pnictides. The superconductivity appearing in
the iron pnictide family is still a hot issue, and magnetic
interactions are thought to be very important. The su-
perconducting dome eventually evolves before the AFM
ordering state disappears, and therefore, the relation be-
tween the Dirac cone states and the superconductivity in
the vicinity of the quantum critical point must be inves-
tigated.
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